ABSTRACT: Heat shock proteins (HSPs) are molecular chaperones that help organisms cope with stressful conditions. In this study, a novel small HSP (sHSP) gene was identified from the hard clam Meretrix meretrix (designated as Mm-HSP20). The full length of the cDNA is 1222 bp, consisting of a 5'-terminal untranslated region (5'UTR) of 103 bp, a 3'UTR of 565 bp, and a 522 bp open reading frame encoding a polypeptide of 173 amino acids. Sequence comparison showed that Mm-HSP20 had a moderate degree of homology to the sHSP of other organisms. A sHSP feature domain, an alpha-crystallin domain, and a V/IXI/V motif in the C-terminal extension were identified in the Mm-HSP20 amino acid sequence, indicating that Mm-HSP20 is a new member of the sHSP family. The Mm-HSP20 transcript was constitutively expressed in 6 different test tissues, with the highest expression level detected in the digestive gland by fluorescent quantitative realtime PCR. The temporal expression of Mm-HSP20 mRNA in the digestive gland and hemocytes was evaluated after exposure to cadmium (Cd) (40 µg l −1 CdCl 2 ) and benzo [a]pyrene (50 µg l −1 B[a]P) individually, and in combination (40 µg l −1 CdCl 2 + 5 0 µg l −1 B[a]P). Mm-HSP20 expression level increased significantly after Cd and B[a]P exposure in both tissue types. Conversely, significant Mm-HSP20 transcript repression was detected in the 24 h B[a]P-treated digestive gland samples. Considerable up-regulation of Mm-HSP20 mRNA level was observed after multiple exposures. These results indicate that Mm-HSP20 plays a role in mechanisms involved in coping with environmental stress in hard clams. Mm-HSP20 may be suitable for use as a biomarker for heavy metal and B[a]P contamination.
INTRODUCTION
The continuous development and expansion of industry, coupled with increasing human activity, has caused marine environments to deteriorate rapidly (Rainbow 1995) . With the profound economic growth in China, heavy metal pollution has become a serious concern in estuarine and coastal regions. Contamination levels have dramatically increased in recent years (Pan & Wang 2012) . The Bohai Sea is considered one of the most contaminated areas because of the high input of anthropogenic pollutants from adjacent terrestrial rivers. For example, in Jinzhou Bay on the northwestern coast of the Bohai Sea, the concentrations and burial fluxes of Zn, Pb, Cd, and Hg have increased abruptly since the late 1970s (Xu et al. 2009 ). Heavy metals are pervasive in this region for several reasons: they arise from a wide variety of sources, they bioaccumulate, and they are not biodegradable (Zhang et al. 2006) . Among these, cadmium (Cd) is one of the most abundant and ubiquitously distributed toxic elements found in aquatic systems (Yuan et al. 2004 , Wan et al. 2008 ). The concentrations of heavy metals observed in coastal sediments are several times higher than those in water columns, and they can have considerable adverse effects on marine organisms. The bioaccumulation of sediment-bound metals in benthic species is extremely important in food webs and ultimately to humans (Wang 2002) .
Benzo [a] pyrene (B [a] P) is a representative polycyclic aromatic hydrocarbon (PAH). It is therefore classified as a pervasive environmental contaminant. B [a] P is found in water columns and sediments (Men et al. 2009 ). It enters marine environments via anthropogenic sources, including petroleum spillage, industrial discharge, and urban runoff (Soclo et al. 2000 , Boonyatumanond et al. 2006 . B [a] P bioaccumulation causes damage to various organ systems in exposed aquatic organisms. Toxicological studies have demonstrated the effects of B [a] P on organisms at genotoxic, biochemical, and physiological levels (Lowe et al. 2006 , Reynaud & Deschaux 2006 , Binelli et al. 2008 , Banni et al. 2010 .
Heat shock proteins (HSPs) are highly conserved ubiquitous chaperone proteins. HSPs have been classified into several families: HSP90 (85 to 90 kDa), HSP70 (68 to 73 kDa), HSP60, HSP47, and small HSPs (12 to 43 kDa), according to their molecular size (Morimoto 1993 , Franck et al. 2004 ). The HSP family includes a number of members that help modulate organisms' stress responses and protect them from environmentally induced cellular damage (Lindquist & Craig 1988 , Parsell & Lindquist 1993 , Hartl 1996 , Feder & Hofmann 1999 . Small HSPs (sHSPs) act as molecular chaperones. Under cellular stress conditions, they bind partially denatured proteins, preventing irreversible protein aggregation (Sun & MacRae 2005) . sHSP cDNA sequences have been isolated and characterized in bivalve species, such as the bay scallop Argopecten irradians, Zhikong scallop Chlamys farreri, Manila clam Ruditapes philippinarum, and bloody clam Tegillarca granosa (Li et al. 2010 , Zhang et al. 2010a ,b, Bao et al. 2011 ). HSP22 expression has been shown to have a close correlation to heavy metal exposure in the bay scallop and to respond to bacterial challenge in the Zhikong scallop (Zhang et al. 2010a,b) . To date, most researchers have focused on characterization of sHSP function in single stress responses, but there are a few studies characterizing the toxic effects of complex pollution exposures. Wang et al. (2011) indicated that coexposure to Cd and B [a] P greatly enhanced bioaccumulation of these compounds in Ruditapes philippinarum, which suggested that accumulated Cd and B [a] P in clams apparently interact with each other and may, therefore, greatly modify the toxic effect of the individual chemicals.
Marine organisms from coastal waters experience environmental challenges that generate stressful conditions (Zhang et al. 2012) . Bivalve mollusks are ideal for assessments of levels of environmental pollution in coastal and estuarine areas because they are ubiquitous, sedentary, and filter feeders (Boening 1999 , Zhang et al. 2012 . The hard clam Meretrix meretrix is a bivalve mollusk native to the eastern coastal area of Asia (Li et al. 2009) . It is also a highpriced commercial commodity in the fishery trade. After generations of successful aquaculture, the clam industry in China has experienced serious losses from disease-induced mortality (Yue et al. 2010) . It is suspected that deteriorating environmental quality is one of the primary causes of disease in aquaculture. Marine environment contamination levels can be assessed by their impact on endogenous organisms. Given its wide distribution and sedentary lifestyle, M. meretrix is ideal for identifying the toxicological effects of biologically available marine pollutants. Wang et al. (2009 Wang et al. ( , 2010 reported M. meretrix larvae were highly sensitive to heavy metal contamination, and Cd exposure induced antioxidant enzymatic activities at the early development stage. The purpose of the present study was (1) to clone a novel HSP20 gene from hard clam (designated as Mm-HSP20), (2) to investigate the expression pattern of Mm-HSP20 in different tissues and its temporal response to single and combined pollutant exposures, and (3) to evaluate the potential of Mm-HSP20 as a biomarker of heavy metal and B [a] P contamination.
MATERIALS AND METHODS

Clam collection
Adult Meretrix meretrix (2 yr old, 4.5 to 5.5 cm shell length) were collected in September (out of the breeding season) from the experimental shellfish farm of Guanhe Aquaculture Corporation in Panjin (Bohai Sea, China). Clams were cultured in sandfiltered seawater at 18 to 20°C for 10 d before exposure experiments. The seawater was aerated continuously, and salinity was set at 32. In order to maximize the natural filtering activity, the clams were kept in the tank-rearing conditions with clean seawater. The depuration process prevented any external environmental recontamination. Clams were fed Chlo rella vulgaris (10 mg dry mass clam
) during the acclimatization period. To investigate the tissue-specific expression pattern of Mm-HSP20, 6 tissues including hemocytes, mantle, gill, adductor muscle, digestive gland, and gonad, from 5 unchallenged clams were collected. Hemolymph was collected from adductor muscles using a sterile syringe and then centrifuged at 1000 × g for 10 min at 4°C. All samples were stored in liquid nitrogen until RNA extraction.
Pollutant exposure experiments
All experiments were performed at 20°C. Seawater salinity was maintained at 32. For pollutant exposure experiments, clams were randomly divided into 12 flat-bottomed rectangular tanks, each with a 50 l capacity. Each tank contained 30 clams. There were 4 experimental groups: (1) . The pollutant concentrations were determined according to previous heavy metal and B [a] P contamination studies performed in the coastal waters and sediments of northern China (Meng et al. 2008 , Hu et al. 2010 ). The B [a] P was first dissolved in dimethyl sulfoxide (DMSO) and then added to seawater for a final DMSO concentration of 0.0025%. Clams were not fed during the exposure experiments. No clams died during the exposure phase of the experiment, indicating that these challenge concentrations were below lethal doses. The digestive gland and hemocytes of 4 clams from each treatment group were randomly sampled at 0, 24, 48, and 96 h post-exposure. All samples were preserved in liquid nitrogen until RNA extraction.
RNA extraction and cDNA synthesis for gene cloning
Total RNA was extracted using Trizol reagent (Invitrogen) in accordance with the manufacturer's protocol. Total RNA was incubated with RNase-free DNase I (Roche) to remove any genomic DNA. Firststrand cDNA was synthesized from 2 µg of total RNA by M-MLV reverse transcriptase using oligo d(T) 15 (Takara) at 37°C for 60 min.
Cloning and sequencing of the full-length cDNA of Mm-HSP20
Random sequencing of SMART cDNA libraries generated 3224 successful sequencing reactions (Li et al. 2011) . BLAST (NCBI) analysis of all obtained sequences revealed that an expressed sequence tag (EST) of 744 bp was homologous to previously identified sHSPs. This EST sequence, Mm-HSP20, was selected for cloning and further investigation. One gene-specific primer Mm-HSP20-3' (Table 1) was designed to amplify the full-length cDNA of Mm-HSP20 using the rapid amplification of cDNA ends (RACE) approach. PCR amplification of the 3' end of Mm-HSP20 was carried out with Mm-HSP20-3' and T7 primers (Table 1 ).The PCR profile was set as follows: 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and an additional extension of 72°C for 10 min. The PCR product was cloned into the pMD18-T vector (Takara) and sequenced in both directions.
Sequence alignment and phylogenetic tree
The Mm-HSP20 sequence was analyzed using the BLAST algorithm at the NCBI website (www. ncbi. nlm.nih.gov/blast). The amino acid sequence was predicted using the Expert Protein Analysis System (www.expasy.org/). The calculated molecular mass Tamura et al. 2007 ). The bootstrap trials were replicated 1000 times to derive confidence values for the phylogeny analysis.
Analysis of Mm-HSP20 mRNA expression using quantitative real-time qRT-PCR
The mRNA expression of Mm-HSP20 in different tissues of healthy clams was measured by qRT-PCR (quantitative real-time PCR). Gene-specific pri mers (forward and reverse) HSP20-RTF and HSP20-RTR (Table 1) were designed to amplify the target gene. A pair of primers for clam β-actin (actin-RTF and actin-RTR; Table 1 ) was used to amplify β-actin as an internal control. Reactions were performed in a total volume of 25 µl: 12.5 µl 2 × SYBR Premix Ex Taq TM , 0.5 µl ROX II, 1.0 µl each primer (10 µmol l −1 ), 2.0 µl diluted cDNA, and 8.0 µl DEPC-water. The thermal profile was set as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 50 s. Dissociation curve analysis was performed at the end of each reac tion to confirm that only 1 PCR product was amplified and detected. The 2 −ΔΔCt method (Livak & Schmittgen 2001 ) was used to analyze expression levels. All data were given in terms of relative mRNA expressed as means (± SD). The data were subjected to analysis by a 1-way ANOVA, using SPSS 13.0. A p-value < 0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Characterization of the full-length cDNA of Mm-HSP20
The complete Mm-HSP20 cDNA sequence (GenBank Accession No. JQ734546) is 1216 bp in length. It contains a 5' untranslated region (UTR) of 104 bp and a 519 bp open reading frame (ORF) which encodes a 173 amino acid protein (Fig. 1) and a 3'UTR of 567 bp. The predicted molecular weight of the mature Mm-HSP20 was 20.4 kDa, and the theoretical isoelectric point was 6.76. SMART analysis revealed that the predicted amino acid sequence of Mm-HSP20 contained an alpha-crystallin domain (ACD) of approximately 90 amino acids, which is a hallmark of the sHSP subfamily (Cheng et al. 2008) (Fig. 2) . The ACD contains several β-strands organized into 2 β-sheets responsible for dimer formation, the basic building block of most sHSPs (Sun & MacRae 2005) .
Sequence alignment and phylogenetic analysis
Multiple sequence alignments revealed that Mm-HSP20 shared a moderate level of similarity with other known sHSPs (Fig. 2) . Specifically, it showed 56% similarity to the mussel Mytilus galloprovincialis, 55% to the clam Ruditapes philippinarum, 27% to the catfish Clarias batrachus, 25% to the honeybee Apis mellifera, 18% to the bay scallop (Argopecten irradians), and 16% to the Zhikong scallop (Chlamys farreri). The sHSPs are some of the most structurally diverse known stress-response proteins (Narberhaus 2002) . Their molecular size ranges from 12 to 43 kDa. This is due to the profound variations in length of their N-terminal regions (Franck et al. 2004) . Despite the relatively low overall sequence similarity found in this group, sHSPs do feature common ACD domains and IXI/V motifs in the C-terminal extension. The IXI/V motifs appear to be important in the temperature-dependent, chaperone-like activity of the ACDs (Pasta et al. 2004 ). These regions demonstrate considerable similarity across different species.
A phylogenic tree based on HSP protein sequences was constructed (Fig. 3) . In the tree, sHSP, HSP70, and HSP90 clustered independently, forming 3 sister groups. Mm-HSP20 was segregated to the sHSP clade, confirming its membership in the sHSP subfamily. Considering the sHSP subclass, Mm-HSP20 was first clustered with sHSP1 from Ruditapes philippinarum, and then formed a sister subgroup with Mytilus galloprovincialis. Considering the low level of similarity between Mm-HSP20 and its scallop (Argopecten irradians and Chlamys farreri) counterparts, it was proposed that they belong to different subtypes of the sHSP family. Analysis of sHSP protein sequences from other species, such as insects, fish, and mammals clustered into their corresponding subgroups. Despite the low level of similarity between sHSP family members, topology approximately reflected the taxonomic status of the corresponding species in our study.
Tissue-specific expression of Mm-HSP20 mRNA in healthy clams
To examine the tissue distribution profile of Mm-HSP20, total RNA was isolated from hemocytes, gill, digestive gland, mantle, adductor muscle, and gonad tissues from 5 healthy clams. The Mm-HSP20 transcript was broadly expressed in all tissues tested.
Expression level was highest in the digestive gland, gill, and mantle tissues, and to a lesser degree in hemocytes, gonad, and adductor muscle (Fig. 4) .
Because the digestive gland is a vital detoxification organ in most species, the relatively high expression level of Mm-HSP20 tanscripts in the digestive gland of Meretrix meretrix suggests that it might be involved in the detoxification pathway. In mollusks, the digestive gland is also an important immune organ which can secrete many different enzymes to hydrolyze mi cro organisms and is involved in digestive and defense functions (Tiscar & Mosca 2004) . The high expression level of Mm-HSP20 in the digestive gland was consistent with the sHSP expression profile in Chlamys farreri (Zhang et al. 2010b) . The gill, which is constructed of only a single layer of fragile cells and covered with a thin layer of protective mucus, has extensive contact with the environment. The high level of Mm-HSP20 transcript in the gill indicates that Mm-HSP20 contributes significantly to the mediation of environmental stress responses. Mm-HSP20 transcript is expressed in hemocytes, which indicates that mollusk hemocytes play an important role in many innate immune functions (Wootton et al. 2003 ).
Effects of short-term Cd and B[a]P exposure on Mm-HSP20
Temporal Mm-HSP20 expression profiles in the digestive gland and hemocytes after Cd and B [a] P exposure were investigated using RT-PCR (Fig. 5) . In the digestive gland, during the first 24 h after exposure to both Cd and B [a] P, the Mm-HSP20 mRNA level remained low. Interestingly, the B[a]P challenge significantly decreased Mm-HSP20 mRNA expression levels (p < 0.05). At 48 h after Cd exposure, the Mm-HSP20 mRNA level was significantly up-regulated (p < 0.01), reaching a peak 2.6-fold over the control. However, after B [a] P exposure, the Mm-HSP20 mRNA level had increased at 48 h, but not to a statistically significant extent (p > 0.05). At 96 h after Cd exposure, the expression of Mm-HSP20 transcript returned to the baseline level. At 96 h after B [a] P exposure, the Mm-HSP20 mRNA level increased to 2.3-fold that of the controls (p < 0.01) (Fig. 5A) . In hemocytes, the expression level of Mm-HSP20 mRNA was up-regulated gradually during the first 48 h post-B[a]P exposure. However, after Cd exposure, the Mm-HSP20 mRNA level in hemocytes had increased 1.7-fold at 48 h (p < 0.01) and 1.5-fold at 96 h (p < 0.05). After B [a] P exposure, the Mm-HSP20 mRNA level had in creased 1.7-fold (p < 0.01) at 48 h and 2.4-fold at 96 h (p < 0.01) (Fig. 5B) . HSPs have become a valuable tool in investigations of marine pollutants because they are induced by many different contaminants. Previous studies have concentrated on the development of early warning biomarkers of pollution exposure (de Pomerai 1996) . Some papers have reported a positive relationship between heavy metal stress and HSP mRNA expression level. In Zhikong scallop, CfHSP90 responds to various heavy metals (Cd ) in a dosedependent manner (Gao et al. 2007) . A clearly dosedependent expression pattern of HSP22 in the bay scallop was also observed by Zhang et al. (2010a) . In the present study, the Mm-HSP20 mRNA expression level in the digestive gland and hemocytes was sig- nificantly up-regulated after Cd exposure. This result indicates that Mm-HSP20 plays a defensive role in heavy metal detoxification and protects against oxi dative stress induced by Cd exposure. Similarly, many previous studies have showed that the expression of sHSPs at transcriptional level is increased in re sponse to Cd 2+ stress. Li et al. (2010) reported that 2 sHSPs from Ruditapes philippinarum, VpsHSP-1 and VpsHSP-2, responded differently to Cd exposure. Here, both genes were up-regulated with significant changes in response to low chemical exposure groups. The impact of temperature and Cd
2+
stress on LcHSP27 expression was tested in the liver and brain tissues of the large yellow croaker Larimichthys crocea, which showed that the LcHSP27 expression level increased significantly after lowtemperature (19°C) and high-temperature (27°C and 31°C) stress. Moreover, low-temperature stress induced higher LcHSP27 expression in the liver than in the brain . These results were produced when Cd acted as a toxic stressor, and expres- sion of sHSPs was induced to maintain homeostasis and to protect cells. B [a] P has been shown to change the expression levels of HSP transcripts in the liver of medaka Oryzias javanicus fish (Won et al. 2011) . In this study, the expression level of Mm-HSP20 mRNA was significantly up-regulated in response to B [a] P in the digestive gland and hemocytes. HSPs act as molecular chaperones and therefore perform a critical role in coping with protein denaturation by environmental stresses. B [a] P may induce intracellular redox stress conditions, which trigger molecular chaperone immune defense functions (Xin et al. 2012 ). However, the expression level of Mm-HSP20 was down-regulated in the digestive gland at 24 h after B [a] P challenge. A similar expression pattern was also observed in the hemocytes of the bloody clam after Vibrio parahaemolyticus and LPS challenge (Bao et al. 2011) . Recently, sHSPs have been found to block apoptosis (Oshita et al. 2010) . A decrease in Mm-HSP20 mRNA was shown to be consistent with its negative regulator role in apoptosis (Li et al. 2010 ).
Effects of combined Cd and B[a]P exposure on
Mm-HSP20
Expression profiles of Mm-HSP20 in the digestive gland and hemocytes after exposure to Cd and B [a] P mixtures are shown in Fig. 5 . Combined exposure induced a pronounced Mm-HSP20 mRNA level increase in both tissues, suggesting that exposure to multiple stressors has a synergistic effect. The level of Mm-HSP20 transcript increased significantly at 24 h, reaching its highest level at 48 h after combined exposure, with a 5.7-fold increase in the digestive gland and a 2.4-fold increase in hemocytes. Evidence from other studies also indicates that HSPs show significant immune response to multiple stressors. In the large yellow croaker, LcHSP27 mRNA expression level shows dramatic up-regulation after the combined stress of temperature and cadmium . Our findings highlight the importance of considering multiple contaminants, such as heavy metal and B [a] P, in the ecological risk assessment of a marine environment and also highlight the need for more research regarding the toxic effects of combined stressors on marine organisms.
CONCLUSIONS
In summary, a novel HSP20 gene of the hard clam Meretrix meretrix was identified and characterized as a member of the sHSP family. The Mm-HSP20 transcript was predominantly expressed in the digestive gland. Mm-HSP20 expression profiles produced after heavy metal or B [a] P exposure indicated its potential for use as a hard clam biomarker in monitoring marine environments. 
